The mechanical behaviors of the thixoforged in situ Mg 2 Si p /AM60B composite at elevated temperatures were evaluated. The results indicated that the thixoforged composite exhibits higher UTS (ultimate tensile strength) than that of the thixoforged AM60B at the cost of elongation. As the testing temperature rises from 25 to 300 • C, the UTS of both these two materials decreases while their elongations increases. The enhanced dislocation motion ability, the softened eutectic β phase at 120 • C, the activated non-basal slipping and the dynamic recovery and recrystallization mechanisms at 150 • C are responsible for the change in tensile properties with testing temperatures. The fracture mode transforms from the ductile into the brittle as the initial strain rate increases from 0.01 to 0.2 s −1 at 200 • C.
Introduction
In the past few years, magnesium alloys have been widely used in the fields of automotion, electronic products, portable tools, sporting goods, and aerospace vehicles owing to their light weight, excellent castability, damping capacity, machinability, and so on [1] . However, the rapid loss of strength at temperatures above 120 • C limits their extended applications [2] . In order to solve this problem, several new heat resistant magnesium alloys have been recently developed [3] . The design in heat resistant magnesium alloys mainly abides by the following ideas: strengthening the α-Mg matrix or/and limiting the cross-slip of dislocations and migration of the grain boundary [4] . Most of the heat resistant magnesium alloys with high performances are achieved through the addition of rare earth elements [5] [6] [7] [8] . Unfortunately, the formidable cost of rare earth elements limits the development of the magnesium industry. The requirements of high-performance and light-weight materials in automotive and aerospace fields have become increasingly urgent in recent years [1] , leading the development of heat-resistant magnesium alloys with cost-effective technologies.
Combining the mechanical properties of magnesium alloys with ceramics, magnesium-based composites exhibit a higher service temperature with affordable cost [9] [10] [11] [12] . Therefore, the magnesiumbased composites become attractive candidates for the applications at elevated temperatures [13] . However, most of the related investigations focus on the fabrication of magnesium-based composites [14] . The mechanical behaviors of magnesium-based composites at elevated temperatures dramatically influence their performance. Unfortunately, the investigations involving this subject are lagging far behind with the rare earth-contained heat-resistant magnesium alloys [7, 15, 16] . Generally, there are three strengthening mechanisms for metal-matrix composites: load transfer, Orowan looping, Those ingots were reheated in a resistance furnace at 600 • C for 60 min and the semisolid ingots were obtained. The semisolid ingots were transferred into the bottom die, which was preheated to 300 • C with a cavity of f 50 mm × 40 mm. Then the die was closed, driven by the hydraulic pressing machine (Tianjin Tianduan Press Co., Ltd., Tianjin, China). The pressure of 192 MPa forced on the semisolid ingot increased to the setting value within 5 s and held for 20 s. Repeating the above experiment, thixoforged composites were obtained. The thixoforged AM60B alloys were also prepared by this method.
According to the standard of GB/T 4338-2006, some tensile specimens were machined using the wire-cut machine (Fangzheng CNC Machine Tool Co., Ltd., Taizhou, China) from the center of the thixoforged products and parallel to the pressure. The gauge dimensions of the specimens were 10 mm × 1.2 mm × 2.5 mm. The tensile testing was conducted in a universal material testing machine with a heating device, of which the temperature control precision is ±1 • C. The tensile specimen was heated at the setting temperature for 10 min, and then the test was conducted. In view of the servicing temperature of the magnesium alloys [2, 3] , which is no more than 300 • C, the tensile testing was carried out under the temperatures of 25 (room temperature), 100, 150, 200, 250, and 300 • C at cross head speeds of 1.0 mm·s −1 , and at cross head speeds of 0.1, 0.5, 1.5, and 2 mm·s −1 under 200 • C, respectively. The corresponding initial strain rates were 0.01, 0.05, 0.1, 0.15, and 0.2 s −1 . The average of at least five testing values was taken as the tensile properties of a thixoforged composite. Some typical fracture surfaces, and side views of them, were also observed on the scanning electron microscope (SEM; NEC Electronics Corporation, Tokyo, Japan) and the optical microscope (OM; Nikon Instruments Co., Ltd., Shanghai, China). Microstructural specimens were cut from the center of each of the thixoforged products. One cross-section parallel to the pressure direction was prepared under standard metallographic procedures. Microstructural characterization was also carried out with this OM. The typical images were quantitatively examined by Image-Pro Plus 5.0 software (5.0, Media Cybernetics Co., Ltd., Silver Spring, MD, USA), the fraction of the Mg 2 Si particles to the whole was taken as its volume fraction.
Results

Microstructures of As-Cast, Semisolid, and Thixoforged Composite and Thixoforged AM60B Alloy
In order to identify the microstructures of the thixoforged composite, the initial as-cast microstructures and its solidifying process should be first clarified. As shown in Figure 1a ,b, the microstructure of the as-cast composite contains primary Mg 2 Si particles, primary α-Mg dendrites, eutectic Mg 2 Si particles, and eutectic structures. Together with the well-known solidifying process of AM60B, the solidification of this composite begins with the precipitation of the primary Mg 2 Si particles and then the primary α-Mg phases. The first-formed Mg 2 Si particles are pushed by the growing primary α-Mg phases and distribute in the residual eutectic liquid. Finally, the eutectic liquid solidifies into eutectic structures. During the last stage of the solidification, the eutectic Mg 2 Si phases separate out previously from the eutectic liquid, then the eutectic α-Mg phases preferentially grow up on the surface of the primary α-Mg dendrites, and the eutectic β phases (Mg 17 Al 12 ) are left in the interdendritic regions. under standard metallographic procedures. Microstructural characterization was also carried out with this OM. The typical images were quantitatively examined by Image-Pro Plus 5.0 software (5.0, Media Cybernetics Co., Ltd., Silver Spring, MD, USA), the fraction of the Mg2Si particles to the whole was taken as its volume fraction.
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Microstructures of As-Cast, Semisolid, and Thixoforged Composite and Thixoforged AM60B Alloy
In order to identify the microstructures of the thixoforged composite, the initial as-cast microstructures and its solidifying process should be first clarified. As shown in Figure 1a ,b, the microstructure of the as-cast composite contains primary Mg2Si particles, primary α-Mg dendrites, eutectic Mg2Si particles, and eutectic structures. Together with the well-known solidifying process of AM60B, the solidification of this composite begins with the precipitation of the primary Mg2Si particles and then the primary α-Mg phases. The first-formed Mg2Si particles are pushed by the growing primary α-Mg phases and distribute in the residual eutectic liquid. Finally, the eutectic liquid solidifies into eutectic structures. During the last stage of the solidification, the eutectic Mg2Si phases separate out previously from the eutectic liquid, then the eutectic α-Mg phases preferentially grow up on the surface of the primary α-Mg dendrites, and the eutectic β phases (Mg17Al12) are left in the interdendritic regions. After the composite is reheated at 600 °C for 60 min, the α-Mg dendrites evolve into the α-Mg particles, and the sharp edges and corners of the Mg2Si particles are obviously blunted. Both of them are suspended in the liquid (shown in Figure 1c ). The microstructural evolution of α-Mg dendrites and Mg2Si particles during partial remelting have been discussed in detail in the previous works [23] . Subsequently, the semisolid ingot is thixoforged. Therefore, the liquids solidify into secondary solidified structures. As shown in Figure 1d ,e, the microstructures of the thixoforged composite and AM60B alloy consist of primary α-Mg particles (in bright color) and secondary solidified structures. The amount of the secondary solidified structures is significantly less than that of the liquids in the semisolid microstructures. This phenomenon results from the solidified characteristics of the semisolid ingot. The secondary α-Mg phases (to differentiate from the primary α-Mg particles, the α-Mg phases solidified from the liquids is named as secondary α-Mg phases) preferentially grow on the surfaces of the primary α-Mg particles without boundaries. In this case, it is difficult to separate these two phases from each other and results in the secondary solidified structures seemingly less After the composite is reheated at 600 • C for 60 min, the α-Mg dendrites evolve into the α-Mg particles, and the sharp edges and corners of the Mg 2 Si particles are obviously blunted. Both of them are suspended in the liquid (shown in Figure 1c ). The microstructural evolution of α-Mg dendrites and Mg 2 Si particles during partial remelting have been discussed in detail in the previous works [23] . Subsequently, the semisolid ingot is thixoforged. Therefore, the liquids solidify into secondary solidified structures. As shown in Figure 1d ,e, the microstructures of the thixoforged composite and AM60B alloy consist of primary α-Mg particles (in bright color) and secondary solidified structures. The amount of the secondary solidified structures is significantly less than that of the liquids in the semisolid microstructures. This phenomenon results from the solidified characteristics of the semisolid ingot. The secondary α-Mg phases (to differentiate from the primary α-Mg particles, the α-Mg phases solidified from the liquids is named as secondary α-Mg phases) preferentially grow on the surfaces of the primary α-Mg particles without boundaries. In this case, it is difficult to separate these two phases from each other and results in the secondary solidified structures seemingly less than the liquids in the semisolid ingot. Additionally, the thixoforged composite contains the reinforcement of Mg 2 Si particles, of which the volume fraction is about 10 vol % (Figure 1d ). There are two kinds of Mg 2 Si particles in Figure 1d . The larger ones are the primary Mg 2 Si particles, the size of which ranges from 20 to 40 µm. The smaller ones are eutectic Mg 2 Si particles, the size of which is less than 10 µm. Most of the primary Mg 2 Si particles locate at the boundary of the α-Mg particles, and only a few of them locate inside. The eutectic Mg 2 Si particles mainly distribute within the α-Mg particles. The amount of the primary Mg 2 Si particle is obviously larger than that of the eutectic Mg 2 Si particles. These are attributed to the following reasons: The first is the amount of the formed eutectic Mg 2 Si particles is less than the primary Mg 2 Si particles, since the eutectic point of the Mg-Si system is 1.38% [24, 25] . On the other hand, the morphological evolution of the Mg 2 Si particles obey the Ostwald ripening mechanism during partial remelting, which refers to the dissolution of small-sized grains and the growth of large particles [26] . Owing to the dissolution and subsequent reprecipitation, the amount of eutectic Mg 2 Si particles decreases and the primary Mg 2 Si particles becomes blunt. Based on the abovementioned, the distribution of the Mg 2 Si particles can easily understood. Figure 2 reveals the tensile properties of the thixoforged composite and AM60B at different testing temperatures. It indicates that the UTS of the thixoforged composite is always higher than that of the thixoforged AM60B, and both of them always decrease as the temperature rises. However, the elongation of the thixoforged AM60B is always higher than that of the thixoforged composite, and both of them increase as the temperature rises. than the liquids in the semisolid ingot. Additionally, the thixoforged composite contains the reinforcement of Mg2Si particles, of which the volume fraction is about 10 vol % (Figure 1d ). There are two kinds of Mg2Si particles in Figure 1d . The larger ones are the primary Mg2Si particles, the size of which ranges from 20 to 40 μm. The smaller ones are eutectic Mg2Si particles, the size of which is less than 10 μm. Most of the primary Mg2Si particles locate at the boundary of the α-Mg particles, and only a few of them locate inside. The eutectic Mg2Si particles mainly distribute within the α-Mg particles. The amount of the primary Mg2Si particle is obviously larger than that of the eutectic Mg2Si particles. These are attributed to the following reasons: The first is the amount of the formed eutectic Mg2Si particles is less than the primary Mg2Si particles, since the eutectic point of the Mg-Si system is 1.38% [24, 25] . On the other hand, the morphological evolution of the Mg2Si particles obey the Ostwald ripening mechanism during partial remelting, which refers to the dissolution of small-sized grains and the growth of large particles [26] . Owing to the dissolution and subsequent reprecipitation, the amount of eutectic Mg2Si particles decreases and the primary Mg2Si particles becomes blunt. Based on the abovementioned, the distribution of the Mg2Si particles can easily understood.
Tensile Properties of the Thixoforged Composite at Different Testing Temperatures
Figure 2 reveals the tensile properties of the thixoforged composite and AM60B at different testing temperatures. It indicates that the UTS of the thixoforged composite is always higher than that of the thixoforged AM60B, and both of them always decrease as the temperature rises. However, the elongation of the thixoforged AM60B is always higher than that of the thixoforged composite, and both of them increase as the temperature rises. Figure 3a , the fracture surface is covered by innumerable small dimples and damaged Mg2Si particles. There are two kinds of damaged Mg2Si particles: either debonded from the matrix (marked by A), or broken into pieces (marked by B). Figure 4a indicates that the number of the former ones (marked by A) is much fewer than the latter ones (marked by B), owing to the differences of the crystal structures and the lattice constants between the Mg2Si particles and the α-Mg phases, the interface of which belongs to an incoherent interface [27] . During deformation, the soft α-Mg phases deform plastically and the Mg2Si particles deform elastically. Thus, a large stress concentration preferentially generates near this interface, and increases to 2-4 times higher than the surrounding matrix [28, 29] . Finally, the stress concentration results in the interfacial debonding or/and fragmentation of the Mg2Si particles. Of course, the stress concentration is relaxed. Thus, it can be Figure 3a , the fracture surface is covered by innumerable small dimples and damaged Mg 2 Si particles. There are two kinds of damaged Mg 2 Si particles: either debonded from the matrix (marked by A), or broken into pieces (marked by B). Figure 4a indicates that the number of the former ones (marked by A) is much fewer than the latter ones (marked by B), owing to the differences of the crystal structures and the lattice constants between the Mg 2 Si particles and the α-Mg phases, the interface of which belongs to an incoherent interface [27] . During deformation, the soft α-Mg phases deform plastically and the Mg 2 Si particles deform elastically. Thus, a large stress concentration preferentially generates near this interface, and increases to 2-4 times higher than the surrounding matrix [28, 29] . Finally, the stress concentration results in the interfacial debonding or/and fragmentation of the Mg 2 Si particles. Of course, the stress concentration is relaxed. Thus, it can be expected that the Mg 2 Si particles strengthen the matrix through the load transfer mechanism, which results in the excellent UTS of the thixoforged composite at room temperature ( Figure 2 ).
It has been reported that the β phase (Mg 17 Al 12 ) is softened at temperatures above 120 • C [30] . Therefore, the UTS of the thixoforged AM60B decreases at 150 • C owing to the absence of a reinforcing phase for the matrix ( Figure 2 ). As mentioned above, the Mg 2 Si particle always locates in the last solidified regions [20] , i.e., surrounded by the eutectic phase. Thus, the softening of the eutectic β phase leads to the decrease in the interfacial bonding strength between the Mg 2 Si particles and the matrix. As shown in Figure 4b , the interfacial debonding (marked by A) gradually becomes dominant. However, the broken Mg 2 Si particles (marked by B) still exist in the fracture surface ( Figure 3b ). Thus, the Mg 2 Si particles still contribute in strengthening the matrix. Therefore, the UTS of the thixoforged composite is much higher than that of the thixoforged AM60B (Figure 2) . Moreover, the non-basal slip system of the magnesium alloy is activated at this temperature [31, 32] , which significantly promotes the plastic deformation ability of α-Mg phase. Correspondingly, the size of the dimples in the fracture surface at the testing temperature of 150 • C becomes large (Figure 3b ). expected that the Mg2Si particles strengthen the matrix through the load transfer mechanism, which results in the excellent UTS of the thixoforged composite at room temperature ( Figure 2 ). It has been reported that the β phase (Mg17Al12) is softened at temperatures above 120 °C [30] . Therefore, the UTS of the thixoforged AM60B decreases at 150 °C owing to the absence of a reinforcing phase for the matrix (Figure 2 ). As mentioned above, the Mg2Si particle always locates in the last solidified regions [20] , i.e., surrounded by the eutectic phase. Thus, the softening of the eutectic β phase leads to the decrease in the interfacial bonding strength between the Mg2Si particles and the matrix. As shown in Figure 4b , the interfacial debonding (marked by A) gradually becomes dominant. However, the broken Mg2Si particles (marked by B) still exist in the fracture surface (Figure 3b) . Thus, the Mg2Si particles still contribute in strengthening the matrix. Therefore, the UTS of the thixoforged composite is much higher than that of the thixoforged AM60B (Figure 2) . Moreover, the non-basal slip system of the magnesium alloy is activated at this temperature [31, 32] , which significantly promotes the plastic deformation ability of α-Mg phase. Correspondingly, the size of the dimples in the fracture surface at the testing temperature of 150 °C becomes large ( Figure  3b ). As shown in Figure 3c , those dimples transform into large pits, and deep holes form in the fracture surface at a testing temperature of 200 °C. The Mg2Si particle always locates to the bottom of these holes (marked by A). As the testing temperature reaches 200 °C, the dislocation motion is promoted from the accelerated atom diffusion ability. Moreover, the non-basal slipping is further active. Both of these lead to the decrease in UTS and the increase in elongation (Figure 2) . Therefore, the dimples easily connect with each other, and then the large-sized pits are generated (Figure 3c ). In addition, the broken Mg2Si particles are seldom found in the fracture surface, and the side view of it (Figures 3c and 4c) . That is, the Mg2Si particles mainly debond from the matrix (marked by A in Figure 4c ). Subsequently, the surrounding matrix continually plastically deforms as the tensile testing proceeds. Then, the holes, of which the Mg2Si particle locates to the bottom, are thereby generated (Figure 3c ). In addition, as shown in Figure 4c , a kind of texture-like microstructure is formed (marked by C in Figure 4c ). Although the critical temperature for recrystallization of the magnesium alloys is 230 °C [33, 34] , in view of the tensile testing belonging to a dynamic process, it should be suggested that the formation of the texture-like microstructures are attributed to the dynamic recovery and recrystallization regimes, which also result in the decrease of UTS and the increase of As shown in Figure 3c , those dimples transform into large pits, and deep holes form in the fracture surface at a testing temperature of 200 • C. The Mg 2 Si particle always locates to the bottom of these holes (marked by A). As the testing temperature reaches 200 • C, the dislocation motion is promoted from the accelerated atom diffusion ability. Moreover, the non-basal slipping is further active. Both of these lead to the decrease in UTS and the increase in elongation (Figure 2) . Therefore, the dimples easily connect with each other, and then the large-sized pits are generated (Figure 3c ). In addition, the broken Mg 2 Si particles are seldom found in the fracture surface, and the side view of it (Figures 3c and 4c) . That is, the Mg 2 Si particles mainly debond from the matrix (marked by A in Figure 4c ). Subsequently, the surrounding matrix continually plastically deforms as the tensile testing proceeds. Then, the holes, of which the Mg 2 Si particle locates to the bottom, are thereby generated (Figure 3c ). In addition, as shown in Figure 4c , a kind of texture-like microstructure is formed (marked by C in Figure 4c ). Although the critical temperature for recrystallization of the magnesium alloys is 230 • C [33, 34] , in view of the tensile testing belonging to a dynamic process, it should be suggested that the formation of the texture-like microstructures are attributed to the dynamic recovery and recrystallization regimes, which also result in the decrease of UTS and the increase of elongation of the magnesium alloy. Under the combined effects mentioned above, the UTS of the thixoforged composite apparently decrease and its elongation continually increases (Figure 2 (Figure 2) . The combining effects are enhanced as the testing temperature increases, which are responsible for the improved plastic deformation ability. Therefore, the holes' characterization becomes more dominant on the fracture surface instead of those large-sized pits (compare Figure 3d to Figure 3c ). Figure 4d displays that these holes are also generated inside the tensile bar (marked by A). This implies that the Mg2Si particles cannot bear much stress concentration due to the interfacial debonding. Therefore, the load transfer mechanism is decreasingly effective. In this case, the UTS of the thixoforged composite rapidly decreases while its elongation further increases (Figure 2 ). Even so, the UTS of the thixoforged composite is still higher than that of the AM60B (Figure 2) . Thus, it can be expected that the other strengthening mechanisms should take part in reinforcing the matrix and this will be discussed in detail at the Section 3.3.
. When the testing temperature reaches 250 • C, the fracture surface is characterized by the necking feature (as shown in Figure 3d ). This implies that the plastic deformation ability of the α-Mg phase is further improved (Figure 2 ). The combining effects are enhanced as the testing temperature increases, which are responsible for the improved plastic deformation ability. Therefore, the holes' characterization becomes more dominant on the fracture surface instead of those large-sized pits (compare Figure 3d to Figure 3c ). Figure 4d displays that these holes are also generated inside the tensile bar (marked by A). This implies that the Mg 2 Si particles cannot bear much stress concentration due to the interfacial debonding. Therefore, the load transfer mechanism is decreasingly effective. In this case, the UTS of the thixoforged composite rapidly decreases while its elongation further increases (Figure 2 ). Even so, the UTS of the thixoforged composite is still higher than that of the AM60B (Figure 2) . Thus, it can be expected that the other strengthening mechanisms should take part in reinforcing the matrix and this will be discussed in detail at the Section 3.3.
The fracture surface shown in Figure 3e is characterized by the necking feature as well. However, the debonded Mg 2 Si particle is seldom observed and the amount of the texture-like microstructure (marked by C) is increased at the side view of fracture surface (Figure 4e ). When the testing temperature further rises to 300 • C, the dynamic recovery and recrystallization mechanisms are further promoted [35] . Thus, the amount of the texture-like microstructure increases. In this case, the stress concentration near the interface between the Mg 2 Si particles and the matrix is easily relaxed through the formation of the texture-like microstructures (marked by C in Figure 4e) . As a result, the interfacial debonding disappears. Moreover, the non-basal slip system of the magnesium alloys is completely activated at 300 • C [31] , which results in the further decrease in UTS and the increase in elongation (Figure 2 ). The tensile properties of both thixoforged composite and AM60B are at a comparative level (as shown in Figure 2) , which implies the strengthening mechanisms from the Mg 2 Si particle for the matrix becomes invalid when the testing temperature reaches 300 • C.
Strengthening Mechanisms of the Mg 2 Si Particle
In order to verify the strengthening mechanisms, a typical fracture surface, and a side view of it showing the Mg 2 Si particles, are presented in Figure 5 . The Mg 2 Si particle is broken into pieces ( Figure 5a ) and there are no visible cracks in the surrounding matrix (Figure 5b ). That is, the load transfer mechanism from the Mg 2 Si particle effectively protects the matrix from the crack initiation. With the testing temperature rising, the broken degree of the Mg 2 Si particle is reduced. As shown in Figure 5c , the Mg 2 Si particle only splits into two parts, and even transforms into interfacial debonding as the temperature further increases (Figure 5d ). Namely, this mechanism is decreasing, due to the reduced bonding strength of the interface between the Mg 2 Si particle and the matrix as the testing temperature rises. However, the UTS of the thixoforged composite is always higher than that of the thixoforged AM60B (Figure 2 ). It can be expected that the other mechanisms take part in reinforcing the thixoforged composite. (marked by C) is increased at the side view of fracture surface (Figure 4e ). When the testing temperature further rises to 300 °C, the dynamic recovery and recrystallization mechanisms are further promoted [35] . Thus, the amount of the texture-like microstructure increases. In this case, the stress concentration near the interface between the Mg2Si particles and the matrix is easily relaxed through the formation of the texture-like microstructures (marked by C in Figure 4e ). As a result, the interfacial debonding disappears. Moreover, the non-basal slip system of the magnesium alloys is completely activated at 300 °C [31] , which results in the further decrease in UTS and the increase in elongation (Figure 2 ). The tensile properties of both thixoforged composite and AM60B are at a comparative level (as shown in Figure 2 ), which implies the strengthening mechanisms from the Mg2Si particle for the matrix becomes invalid when the testing temperature reaches 300 °C.
Strengthening Mechanisms of the Mg2Si Particle
In order to verify the strengthening mechanisms, a typical fracture surface, and a side view of it showing the Mg2Si particles, are presented in Figure 5 . The Mg2Si particle is broken into pieces ( Figure  5a ) and there are no visible cracks in the surrounding matrix (Figure 5b ). That is, the load transfer mechanism from the Mg2Si particle effectively protects the matrix from the crack initiation. With the testing temperature rising, the broken degree of the Mg2Si particle is reduced. As shown in Figure 5c , the Mg2Si particle only splits into two parts, and even transforms into interfacial debonding as the temperature further increases (Figure 5d ). Namely, this mechanism is decreasing, due to the reduced bonding strength of the interface between the Mg2Si particle and the matrix as the testing temperature rises. However, the UTS of the thixoforged composite is always higher than that of the thixoforged AM60B (Figure 2 ). It can be expected that the other mechanisms take part in reinforcing the thixoforged composite. As mentioned above, there are two kinds of Mg2Si particles. After tensile testing, the large-sized ones break into pieces and the small-sized ones maintain their original morphology (marked by arrows in Figure 5e ). During tensile testing, the interaction between dislocations and fine particles also contributes in strengthening the matrix through the Orowan looping mechanism [29] . As the testing temperature rises, the dislocation motion is promoted from the accelerated atom diffusion ability. In this case, the Orowan looping mechanism operates increasingly as the testing temperature As mentioned above, there are two kinds of Mg 2 Si particles. After tensile testing, the large-sized ones break into pieces and the small-sized ones maintain their original morphology (marked by arrows in Figure 5e ). During tensile testing, the interaction between dislocations and fine particles also contributes in strengthening the matrix through the Orowan looping mechanism [29] . As the testing temperature rises, the dislocation motion is promoted from the accelerated atom diffusion ability. In this case, the Orowan looping mechanism operates increasingly as the testing temperature rises. On the other hand, the mismatch in the coefficient of thermal expansion (CTE) between Mg 2 Si particles and the matrix [36] also strengthens the matrix. During thixoforging and tensile testing at elevated temperatures, the dislocations are created near the Mg 2 Si/matrix interface due to the relaxation of the thermal expansion mismatch between the Mg 2 Si particles and matrix. In this case, the dislocation density increases. The dislocations formed during tensile testing increase as the testing temperature rises. Therefore, this mechanism is gradually in action as the testing temperature rises, can impede the dislocation movement, and also plays a very important role in strengthening the matrix.
Although the contribution of each strengthening mechanism has not been calculated separately, it also suggests that an additive or synergetic effect from the combination of several mechanisms is accountable for strengthening the matrix. In comparison, the load transfer mechanism primarily operates at the testing temperature under 200 • C, and the other two grow dominant as the testing temperature further rises.
Effect of Initial Strain Rate on Tensile Properties
As mentioned in the Section 3.2, the dynamic recovery and recrystallization regimes influence the tensile properties dramatically. The initial strain rate also has large effects on this regime [37, 38] . Thus, the mechanical behavior under 200 • C at different initial strain rates is discussed in detail below. Figure 6 reveals the tensile properties of the thixoforged composite at different initial strain rates. It indicates that the UTS increases to a peak value at 0.1 s −1 and then decreases as the initial strain rate increases from 0.01 to 0.2 s −1 . However, the elongation continually decreases. rises. On the other hand, the mismatch in the coefficient of thermal expansion (CTE) between Mg2Si particles and the matrix [36] also strengthens the matrix. During thixoforging and tensile testing at elevated temperatures, the dislocations are created near the Mg2Si/matrix interface due to the relaxation of the thermal expansion mismatch between the Mg2Si particles and matrix. In this case, the dislocation density increases. The dislocations formed during tensile testing increase as the testing temperature rises. Therefore, this mechanism is gradually in action as the testing temperature rises, can impede the dislocation movement, and also plays a very important role in strengthening the matrix.
Although the contribution of each strengthening mechanism has not been calculated separately, it also suggests that an additive or synergetic effect from the combination of several mechanisms is accountable for strengthening the matrix. In comparison, the load transfer mechanism primarily operates at the testing temperature under 200 °C, and the other two grow dominant as the testing temperature further rises.
As mentioned in the Section 3.2, the dynamic recovery and recrystallization regimes influence the tensile properties dramatically. The initial strain rate also has large effects on this regime [37, 38] . Thus, the mechanical behavior under 200 °C at different initial strain rates is discussed in detail below. Figure 6 reveals the tensile properties of the thixoforged composite at different initial strain rates. It indicates that the UTS increases to a peak value at 0.1 s −1 and then decreases as the initial strain rate increases from 0.01 to 0.2 s −1 . However, the elongation continually decreases. As shown in Figure 7a , the fracture surface is covered by small and uniform dimples. The crack propagates through the α-Mg phases (Figure 8a ). The employed initial strain rate 0.01 s −1 is the lowest initial strain rate. Thus, the dislocation has enough time to move. Therefore, the stress concentration near the interface between the Mg2Si particles and the matrix can be easily relaxed through the dislocation motion regime. As the tensile testing proceeds, the microvoids are generated in the α-Mg phase, and then connect with each other to form dimples. Eventually, the connecting leads to the fracture of the composite. Namely, the fracture mode belongs to ductile fracture mechanism and the fracture of the α-Mg phases results in the final fracture of the composite. As shown in Figure 7a , the fracture surface is covered by small and uniform dimples. The crack propagates through the α-Mg phases (Figure 8a ). The employed initial strain rate 0.01 s −1 is the lowest initial strain rate. Thus, the dislocation has enough time to move. Therefore, the stress concentration near the interface between the Mg 2 Si particles and the matrix can be easily relaxed through the dislocation motion regime. As the tensile testing proceeds, the microvoids are generated in the α-Mg phase, and then connect with each other to form dimples. Eventually, the connecting leads to the fracture of the composite. Namely, the fracture mode belongs to ductile fracture mechanism and the fracture of the α-Mg phases results in the final fracture of the composite. The increase in the initial strain rate leads to the enhanced dynamic recovery and recrystallization mechanisms. Therefore, the texture-like structures are then generated (Figure 4c ). This phenomenon results in the softening of α-Mg phases, which leads their improved plastic deformation ability. In this case, these dimples on the fracture surface become large (Figure 3c) . However, the stress concentration cannot be relaxed through the dislocation motion owing to the increase of initial strain rate. Thus, the interfacial debonding is obviously observed on the fracture surface (compare Figure 3c with Figure 7a) . Moreover, the work hardening mechanism is increasingly promoted as the initial strain rate increases, which takes part in improving the UTS at the cost of the elongation. Consequentially, the UTS is increased while the elongation is decreased as the initial strain rate rises to 0.1 s −1 ( Figure 6 ). The fracture mode also obeys to a ductile fracture mechanism. Figure 7b presents that the cleavage plane appears on the fracture surface, which implies that the fracture is somewhat brittle in nature. In addition, the Mg2Si particles, which debonded (marked by A) and broke into pieces (marked by B), are obviously observed on the fracture surface and the side view of it (Figures 7b and 8b) . The dynamic recovery and recrystallization mechanism, and the work hardening mechanism, are at a competitive situation. The increase in the initial strain rate results in the enhancement of both mechanisms. However, when the initial strain rate exceeds a give value, it lacks enough time to realize the dynamic recovery and recrystallization mechanism in action. Therefore, the amount of the texture-like structures decreases. In this case, the work hardening mechanism becomes dominant and leads to the decrease in elongation (Figure 6 ). On the other hand, the load transfer mechanism from the Mg2Si particle is also enhanced as the initial strain rate rises. Thus, high stress concentration is preferentially formed near the interface between the Mg2Si particles and the matrix, and results in the interfacial debonding or/and fragmentation of the Mg2Si particles (compare Figure 7b with Figure 3c ). Then the cracks are formed. Subsequently, the surrounded matrix deforms. For the magnesium alloys, the deformation is achieved through the intergranular slipping accompanied by intragranular dislocation motion [39] . As the initial strain rate rises, the slipping increasingly dominates due to there being insufficient time for the motion of intragranular dislocation. Therefore, the cleavage planes are generated on the fracture surface. The slipping cannot bear much deformation and, thus, the resultant elongation significantly decreases ( Figure 6 ). Correspondingly, the fracture mode transforms into a quasi-cleavage mode. increase of initial strain rate. Thus, the interfacial debonding is obviously observed on the fracture surface (compare Figure 3c with Figure 7a) . Moreover, the work hardening mechanism is increasingly promoted as the initial strain rate increases, which takes part in improving the UTS at the cost of the elongation. Consequentially, the UTS is increased while the elongation is decreased as the initial strain rate rises to 0.1 s −1 (Figure 6 ). The fracture mode also obeys to a ductile fracture mechanism. Figure 7b presents that the cleavage plane appears on the fracture surface, which implies that the fracture is somewhat brittle in nature. In addition, the Mg2Si particles, which debonded (marked by A) and broke into pieces (marked by B), are obviously observed on the fracture surface and the side view of it (Figures 7b and 8b) . The dynamic recovery and recrystallization mechanism, and the work hardening mechanism, are at a competitive situation. The increase in the initial strain rate results in the enhancement of both mechanisms. However, when the initial strain rate exceeds a give value, it lacks enough time to realize the dynamic recovery and recrystallization mechanism in action. Therefore, the amount of the texture-like structures decreases. In this case, the work hardening mechanism becomes dominant and leads to the decrease in elongation (Figure 6 ). On the other hand, the load transfer mechanism from the Mg2Si particle is also enhanced as the initial strain rate rises. Thus, high stress concentration is preferentially formed near the interface between the Mg2Si particles and the matrix, and results in the interfacial debonding or/and fragmentation of the Mg2Si particles (compare Figure 7b with Figure 3c ). Then the cracks are formed. Subsequently, the surrounded matrix deforms. For the magnesium alloys, the deformation is achieved through the intergranular slipping accompanied by intragranular dislocation motion [39] . As the initial strain rate rises, the slipping increasingly dominates due to there being insufficient time for the motion of intragranular dislocation. Therefore, the cleavage planes are generated on the fracture surface. The slipping cannot bear much deformation and, thus, the resultant elongation significantly decreases ( Figure 6 ). Correspondingly, the fracture mode transforms into a quasi-cleavage mode. The increase in the initial strain rate leads to the enhanced dynamic recovery and recrystallization mechanisms. Therefore, the texture-like structures are then generated (Figure 4c ). This phenomenon results in the softening of α-Mg phases, which leads their improved plastic deformation ability. In this case, these dimples on the fracture surface become large (Figure 3c) . However, the stress concentration cannot be relaxed through the dislocation motion owing to the increase of initial strain rate. Thus, the interfacial debonding is obviously observed on the fracture surface (compare Figure 3c with Figure 7a ). Moreover, the work hardening mechanism is increasingly promoted as the initial strain rate increases, which takes part in improving the UTS at the cost of the elongation. Consequentially, the UTS is increased while the elongation is decreased as the initial strain rate rises to 0.1 s −1 ( Figure 6 ). The fracture mode also obeys to a ductile fracture mechanism. Figure 7b presents that the cleavage plane appears on the fracture surface, which implies that the fracture is somewhat brittle in nature. In addition, the Mg 2 Si particles, which debonded (marked by A) and broke into pieces (marked by B), are obviously observed on the fracture surface and the side view of it (Figures 7b and 8b) . The dynamic recovery and recrystallization mechanism, and the work hardening mechanism, are at a competitive situation. The increase in the initial strain rate results in the enhancement of both mechanisms. However, when the initial strain rate exceeds a give value, it lacks enough time to realize the dynamic recovery and recrystallization mechanism in action. Therefore, the amount of the texture-like structures decreases. In this case, the work hardening mechanism becomes dominant and leads to the decrease in elongation (Figure 6 ). On the other hand, the load transfer mechanism from the Mg 2 Si particle is also enhanced as the initial strain rate rises. Thus, high stress concentration is preferentially formed near the interface between the Mg 2 Si particles and the matrix, and results in the interfacial debonding or/and fragmentation of the Mg 2 Si particles (compare Figure 7b with Figure 3c ). Then the cracks are formed. Subsequently, the surrounded matrix deforms. For the magnesium alloys, the deformation is achieved through the intergranular slipping accompanied by intragranular dislocation motion [39] . As the initial strain rate rises, the slipping increasingly dominates due to there being insufficient time for the motion of intragranular dislocation. Therefore, the cleavage planes are generated on the fracture surface. The slipping cannot bear much deformation and, thus, the resultant elongation significantly decreases ( Figure 6 ). Correspondingly, the fracture mode transforms into a quasi-cleavage mode.
As the initial strain rate further rises, a high stress concentration is very quickly generated at the interface between the Mg 2 Si particles and the matrix. Thus, the interfacial debonding occurs at the early stage of the deformation. Namely, the cracks are thereby formed. Then, the cracks propagate into the matrix, leading to the final fracture. It has been reported that there are three mechanisms responsible for the deformation of the magnesium alloy and the critical resolved shear stress (CRSS) from small to large, in sequence, are: basal slipping, twinning, and non-basal slipping [40] . Generally, the CRSS of the basal slipping and twinning are irrelevant to the initial strain rate while that of the non-basal slipping increases as the initial strain rate rises [41] . Therefore, it can be expected that the deformation of the matrix is completely through the basal slipping of the α-Mg phases. In this case, the fracture surface is characterized by the brittle feature (Figure 7c ). Owing to the formation of crack and the deformation mechanism of the α-Mg phase, the resultant UTS and elongation of the composite are rapidly decreased ( Figure 6 ).
Based on the abovementioned, the fracture mode of the composite under different initial strain rates can be summarized by Figure 9 . It indicates that the fracture mode gradually transforms from ductile into brittle as the initial strain rate increases from 0.01 to 0.2 s −1 . The microvoid coalescence and the sliding are responsible for the fractures under these two conditions, respectively. As the initial strain rate further rises, a high stress concentration is very quickly generated at the interface between the Mg2Si particles and the matrix. Thus, the interfacial debonding occurs at the early stage of the deformation. Namely, the cracks are thereby formed. Then, the cracks propagate into the matrix, leading to the final fracture. It has been reported that there are three mechanisms responsible for the deformation of the magnesium alloy and the critical resolved shear stress (CRSS) from small to large, in sequence, are: basal slipping, twinning, and non-basal slipping [40] . Generally, the CRSS of the basal slipping and twinning are irrelevant to the initial strain rate while that of the non-basal slipping increases as the initial strain rate rises [41] . Therefore, it can be expected that the deformation of the matrix is completely through the basal slipping of the α-Mg phases. In this case, the fracture surface is characterized by the brittle feature (Figure 7c ). Owing to the formation of crack and the deformation mechanism of the α-Mg phase, the resultant UTS and elongation of the composite are rapidly decreased ( Figure 6 ).
Based on the abovementioned, the fracture mode of the composite under different initial strain rates can be summarized by Figure 9 . It indicates that the fracture mode gradually transforms from ductile into brittle as the initial strain rate increases from 0.01 to 0.2 s −1 . The microvoid coalescence and the sliding are responsible for the fractures under these two conditions, respectively. 
Conclusions
1. The thixoforged in situ Mg2Sip/AM60B composite exhibits a higher UTS than that of the thixoforged AM60B at the cost of elongation. The super UTS of the thixoforged in situ Mg2Sip/AM60B composite is mainly attributed to the load transfer mechanism and the obstruction for the dislocation motion from the reinforcement Mg2Si particles.
2. As the testing temperature rises, the UTS of both the thixoforged in situ Mg2Sip/AM60B composite and AM60B decrease while their elongation increases. The enhanced dislocation motion ability, the softened eutectic β phase at 120 °C, the activated non-basal slipping, and the dynamic recovery and recrystallization mechanisms at 150 °C are responsible for the change in tensile 2 Si p /AM60B composite exhibits a higher UTS than that of the thixoforged AM60B at the cost of elongation. The super UTS of the thixoforged in situ Mg 2 Si p /AM60B composite is mainly attributed to the load transfer mechanism and the obstruction for the dislocation motion from the reinforcement Mg 2 Si particles.
The thixoforged in situ Mg
2. As the testing temperature rises, the UTS of both the thixoforged in situ Mg 2 Si p /AM60B composite and AM60B decrease while their elongation increases. The enhanced dislocation motion ability, the softened eutectic β phase at 120 • C, the activated non-basal slipping, and the dynamic recovery and recrystallization mechanisms at 150 • C are responsible for the change in tensile properties with testing temperatures.
3. The tensile properties change with the initial strain rate changes tested at 200 • C. The UTS of the composite reaches its peak value at the initial strain rate of 0.1 s −1 and then decreases, however, the elongation of the composite continually decreases as the initial strain rate increases. The variations in tensile properties result from the dynamic recovery, recrystallization mechanisms and working hardening.
4. The fracture of the composite transforms from the ductile regime into the quasi-cleavage mode, and finally exhibits the brittle feature as the initial strain rate increases.
